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This report discusses the computations of a set of shock wave / turbulent boundary
layer interaction (SWTBLI) test cases using the Wind-US code, as part of the 2010 Amer-
ican Institute of Aeronautics and Astronautics (AIAA) shock / boundary layer interaction
workshop. The experiments involve supersonic flows in wind tunnels with a shock generator
that directs an oblique shock wave toward the boundary layer along one of the walls of the
wind tunnel. The Wind-US calculations utilized structured grid computations performed
in Reynolds-averaged Navier-Stokes mode. Four turbulence models were investigated: the
Spalart-Allmaras one-equation model, the Menter Baseline and Shear Stress Transport k-ω
two-equation models, and an explicit algebraic stress k-ω formulation. Effects of grid reso-
lution and upwinding scheme were also considered. The results from the CFD calculations
are compared to particle image velocimetry (PIV) data from the experiments. As expected,
turbulence model effects dominated the accuracy of the solutions with upwinding scheme
selection indicating minimal effects.
Nomenclature
k turbulent kinetic energy
M∞ freestream Mach number
u axial velocity
v normal velocity
x, y, z Cartesian coordinates
y+ wall normal coordinate
δ boundary layer thickness
 turbulent dissipation rate
µ dynamic molecular viscosity
µt dynamic eddy viscosity
ω specific turbulent dissipation rate = /k
θ shock generator angle
Introduction
In supersonic flows, the shock wave / turbulent boundary layer interaction (SWTBLI) is a very common
phenomena that has significant effects on the operability of specific components such as aircraft inlets and
also on overall performance of aerospace vehicles. The problem has been studied extensively over the past
few decades in laboratory experiments and in computational fluid dynamics (CFD) efforts. While gains
in understanding of the underlying fluid dynamics of SWTBLI have been made, research continues into
understanding the complex interaction of a shock wave with a turbulent boundary layer. In a typical
SWTBLI, the adverse pressure gradient induced by the shock system causes a flow separation that frequently
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is unsteady and three-dimensional. Without question, control of SWTBLI has yet to be mastered. While
there have been numerous CFD studies, there is not a single approach that has been identified as optimal
for calculation of SWTBLI.
Until recently, Reynolds-averaged Navier-Stokes (RANS) methods were used almost exclusively, and for
practical aerodynamic analyses that contain one or more SWTBLIs, RANS is still the only feasible approach.
More recently, large eddy simulation (LES) and hybrid RANS-LES techniques have been investigated for
application to the SWTBLI problem, but typically have been restricted to small subset problems, as applying
an LES-based technique to a more complex system (i.e. aircraft inlet) involving SWTBLIs is still largely
prohibitive due to the large range of scales that are important. Knight and Degrez1 and Knight et al2 provide
comprehensive overviews of a broad range in CFD methods as applied to SWTBLIs, in particular those
investigated under AGARD and RTO working groups. Consideration of both RANS and LES methods is
made. Reference 3 focuses on an assessment of RANS-based methods while a survey of LES-based approaches
as applied to SWTBLIs is presented in Edwards.4 The overall conclusions of these survey papers is that
RANS methods are inherently unable to calculate some of the crucial features of SWTBLI, in particular the
unsteadiness of the shock system and separated flow. In addition, the three dimensional features are also
troublesome for RANS-based techniques. LES-based techniques may be promising, but neither sufficient
maturity of these techniques nor understanding of their ability to properly handle the underlying fluid
dynamics has been realized.
A recent workshop considering CFD calculations for a set of SWTBLI cases was held in conjunction
with the 48th American Institute of Aeronautics and Astronautics (AIAA) Aerospace Sciences Meeting. An
overview of the workshop objectives is presented in Benek5 with a summary of overall findings presented
in Benek and Babinsky.6 The focus of this workshop was SWTBLI as occurs in supersonic inlets. Several
investigators contributed solutions to this workshop. Contributions included RANS and LES-based compu-
tations. DeBonis et al7 provides a comprehensive assessment of the CFD calculations, including uncertainty
analysis of the submitted CFD results and experimental data obtained for the same configurations. Hirsch8
examined some of the CFD trends, in particular effects of turbulence modeling, RANS versus LES, and
numerical schemes submitted by several investigators and includes the results from our efforts described
herein.
In this paper, we discuss the solutions obtained with the Wind-US code for the two sets of cases that
were the focus of the SWTBLI workshop. A brief description of the test cases is provided first. The CFD
approach is presented next including construction of the computational grids, turbulence models used, and
other code settings. Comparisons of CFD calculations to experimental data for the test cases are presented,
followed by conclusions.
Experimental Configurations
The experimental data set for the first SWTBLI test case was obtained at the Institut Universitaire des
Systemes Thermiques Industriels (IUSTI) in Marseille, France.9 The experimental data was utilized in the
European Union SWTBLI research project referred to as UFAST.10 The UFAST experiments utilized an 8
degree shock generator which spanned the entire width of the tunnel with an approaching Mach 2.25 flow.
The supply stagnation pressure was 50.5 kPa and the stagnation temperature was 293 K.
The second SWTBLI test case was investigated at the University of Michigan (UM)11 as part of the
Collaborative Center for the Aeronautical Sciences (CCAS) sponsored by the United States Air Force. The
UM experiments utilized three shock generator angles with an approaching Mach 2.75 flow. The shock angles
were 7.75, 10.0 and 12.0. The supply stagnation pressure was 101.0 kPa and the stagnation temperature
was 293 K. Unlike the UFAST experiments, the UM shock generators did not span the entire width of the
wind tunnel and were supported by a strut from the top of the wind tunnel.
A schematic of the experimental configuration generally representing that used in both sets of experiments
is shown in Fig. 1 as taken from DeBonis et al.7 Cross sectional views of these two cases are provided in
Fig. 2. Particle Image Velocimetry (PIV) was used in all cases to characterize the interaction regions, with
both mean flow velocities and turbulent statistics obtained. Specifics of the experimental measurements are
discussed in Ref. 10 for the UFAST case and in Ref. 11 for the UM case.
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CFD Approach
The CFD calculations described in this report used the Wind-US code, which is the production RANS
solver of the NPARC Alliance, a formal partnership of NASA Glenn Research Center (GRC) and the U.S.
Air Force Arnold Engineering Development Center (AEDC), with significant participation by the Boeing
Company. An overview of the current capabilities in the Wind-US flow solver may be found in Nelson12
and Georgiadis et al.13 This section describes the computational grids generated for these SWTBLI cases,
numerical schemes examined, and turbulence models utilized as part of this study.
Computational Grids
The Wind-US calculations described in this report utilized structured grid computations performed in RANS
mode. Rumsey presented results obtained with the CFL3D CFD code in Ref. 14, obtained using the same
computational grids that were constructed for simulations described in this report. The UFAST grid is shown
in Fig. 3. The overall grid had approximately 7.4 million points spread across 10 structured grid zones.
Point-to-point connectivity was used at zonal interfaces through most of the overall grid, with mismatched
zones just upstream and downstream of the interaction region, shown in Fig. 3(b), in order to allow greater
resolution in the SWTBLI focused region. Walls were packed such that the first point was placed at a
position corresponding to a nominal y+ of approximately 1.0, using the fully expanded tunnel conditions
corresponding to Mach 2.25 flow and an assumed reference skin friction coefficient of 0.0025. One half of the
geometry was modeled with a symmetry plane placed at the middle of the spanwise direction.
The computational grid for the UM case (7.75 degree shock generator) is shown in Fig. 4. The grids
for the 10 degree and 12 degree shock generator were built in exactly the same manner as was the 7.75
degree case. Each grid had approximately 8.4 million points spread across 16 structured grid zones. The
same grid strategy was utilized as for the UFAST case, i.e. walls were packed to a nominal y+ =1.0 and
point-to-point connectivity was used everywhere except just upstream and downstream of the interaction
regions. As discussed in the experimental configurations section, the UM shock generator did not span the
entire width of the tunnel, and was mounted via a support strut originating in the tunnel ceiling. All of these
details were modeled in the computational grids constructed here. One half of the geometry was modeled
with the symmetry plane placed at the middle of the spanwise direction and cutting through the center of
the support strut.
Numerical Schemes
Three spatial flux methods available in Wind-US were investigated for the UM test case. The first is the
Roe scheme,15 which is the default setting in Wind-US. The second is the well known method due to Van
Leer,16 and the third is that of Harten et al17 as modified by Toro18 and commonly referred to as the HLLC
scheme. Second order schemes were used in all cases with TVD limiters applied. For the UFAST case, only
the default 2nd order Roe scheme was utilized.
Turbulence Modeling
As discussed in the introduction, turbulence modeling has been found to be the most important factor
affecting the calculation of SWTBLI, and was the focus of efforts described in this report. In Wind-US and
many production CFD solvers, the Shear-Stress Transport (SST) two-equation turbulence model of Menter19
is widely used because it is robust and accurate for a broad range of flows, including wall boundary layers
and free shear layer regions. The SST model is a two-layer model which employs the k−ω model of Wilcox20
in the inner region of boundary layers and switches to a k −  model in the outer region of boundary layers
and in mixing regions. The outer k −  model is transformed to provide a second set of k − ω equations
with a blending function used to transition between the two sets of equations. A modification to the eddy
viscosity limits the shear stress, per the Bradshaw assumption that the shear stress in a boundary layer is
proportional to the turbulent kinetic energy. The SST model has been found to provide reasonably accurate
calculations of wall bounded flows, provided there are not large flow separations. The second turbulence
model used here was the Menter baseline (BSL) k − ω model, which is the very close relative of the Menter
SST formulation. It is also a two layer model, with primary difference being the absence of the shear stress
limiter that is employed with SST.
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The third turbulence model investigated in this study is the one-equation model due to Spalart and
Allmaras.21,22 We will refer to this model in this report as the “SA” model.
The fourth turbulence model investigated in these SWTBLI cases is a k − ω based non-linear explicit
algebraic stress model (ASM) formulation based on the work of Rumsey.23 Unlike linear two-equation
models, ASM formulations are sensitive to turbulent stress anisotropies and have a direct relation to the
full Reynolds stress model. As a result, ASMs have the capability to include more relevant flow physics
than the linear models. However, they are also solved using a two-equation approach and as a result are
not significantly more computationally expensive than linear two-equation models. In Ref. 13, Wind-US
was applied to a Mach 5 SWTBLI problem using the SST and k-ω models. These models provided similar
predictions of skin friction coefficient for this test case. A linear k- model and k- based ASM were also
applied to this problem and significantly overpredicted the skin friction coefficient downstream of the key
interaction region. Because of this result and similar findings by other investigators employing k- models
for SWTBLI problems, we did not examine k- models in this work.
UFAST Test Case
The Mach number approaching the SWTBLI region for the UFAST case is lower than that for the UM
case and as a result, the oblique shock wave angle is higher than for the UM test case. In turn, the resultant
adverse pressure gradient effects are actually relatively stronger through the SWTBLI region. Axial velocity
contours for the UFAST test case obtained with the SST turbulence model are shown in Fig. 5. The
oblique wave originating from the sharp leading edge of the shock generator may be observed, along with
the SWTBLI region centered about x = 320mm. The complex interaction on the top of the tunnel results
in a flow separation that is much larger than that in the SWTBLI focus region and resulted in unsteadiness
that was sustained even after the focus SWTBLI region on the bottom stopped changing and was considered
to be converged. Eddy viscosity contours corresponding to the flowfield solution shown in Fig. 5 are shown
in Fig. 6. The eddy viscosity values shown are normalized by the local molecular viscosity. For plotting
purposes, the normalized eddy viscosity values shown are capped at µt/µ = 500 for clarity in the focus region
although the maximum values in the region near the top of the domain reached nearly 1500.
The experimental data was collected within a select region around the bottom wall interaction. Axial
velocity contours for the UFAST test case using the four turbulence modeling approaches are compared
to the experimental PIV measurements in Fig. 7. As will be the case for the UM experiments discussed
in the next section, the CFD solution slices represent the same physical domain, with the same contour
levels as the experimental data. Further, the CFD solutions were interpolated to the same physical locations
where the PIV data were taken, as was required by the organizers of the AIAA workshop, for purposes of
computing differences between solutions and experimental data.7 Examining these contours, the extent of
the adverse pressure gradient effects indicated by the Menter SST solution are larger than the other solutions
and experimental data.
Further comparisons of the CFD solutions and experimental data are made for the axial velocity profiles
at four axial locations in Fig. 8. One may observe that the CFD solutions plotted do not go all the way to the
wall, and again this is due to interpolation of the CFD results to the PIV measurement locations. While most
CFD-to-experimental comparisons are made with the CFD solutions actually plotted at the computational
grid points, the manner of comparison used here and in the workshop does allow one to determine what the
CFD would predict with a “probe” placed at a specific location, in analogy to the experiments. For this case
and the UM cases, however, with a rather fine experimental PIV grid, there are no observable differences
between plotted lines using the CFD solutions mapped to the experimental physical locations and the CFD
solutions at the actual computational grid points.
The comparisons in Fig. 8 show the same trends as indicated by the contour plots of Fig. 7. In particular,
the size of the flow separation indicated by the SST solution is greater than that indicated by the experimental
data and the other turbulence models. One may note an especially large difference between the Menter SST
and BSL results, which is due to the eddy viscosity limiter in the SST formulation. Normal velocity profiles
are compared in Fig. 9. While the most commonly used quantity for comparing boundary layer profiles
is axial velocity, these normal velocity comparisons show how substantial the effect of turbulence model is
on the boundary layer details, and in particular how none of the models are able to capture the behavior
indicated by the experimental data.
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University of Michigan (UM) Test Case
As described previously, three shock generator configurations were examined as part of the UM exper-
iments. For the first case with shock generator angle set to 7.75 degrees, experimental data was made
available to CFD analysts prior to the workshop, and is the focus of the discussion in this section. Data for
the other two test cases was held back to enable “blind” comparisons of experimental data and submitted
CFD solutions. From our calculations with Wind-US using the SST turbulence model, axial velocity con-
tours for all three UM test cases, where the shock generator angle was varied, are shown in Fig. 10. Eddy
viscosity contours for the UM test case are shown in Fig. 11. As expected, the strength and size of the
interaction increases with larger shock generator angle. The focus of the comparisons between solutions at
the workshop was made for the smallest shock generator angle, 7.75 degrees, and we will concentrate on this
case for the remainder of this discussion. For simplicity, we will refer to this as the “UM test case.”
Axial velocity contours for the UM test case in the SWTBLI focus region using the four turbulence
modeling approaches are compared to experimental measurements in Fig. 12. As discussed for the UFAST
test case, the CFD solution slices represent the same physical domain, with the same contour levels as the
experimental data, and with the CFD solutions interpolated to the experimental measurement locations.
Normal velocity contours are compared in Fig. 13 and contours of the velocity shear component are shown
in Fig. 14.
Further comparisons of the CFD solutions and experimental data are made for the axial velocity profiles
at four axial locations in Fig. 15. In this and subsequent figures, two sets of experimental data are also
presented. The first was obtained with stereoscopic PIV measured along spanwise (or “yz cut”) planes at
seven axial locations, and the second along a streamwise plane, referred to in the figures as “xy cut.” In the
UFAST experiments, the lower approaching Mach number (2.25 in UFAST versus 2.75 in UM) produces a
steeper shock wave (approximately 33 degrees versus 27 degrees) for a very similar wedge angle (8.0 degrees
versus 7.75 degree). This results in a relatively stronger interaction region, and flow separation, while such
a flow separation is not obvious for this lowest wedge angle case in the UM experiments.
All of the turbulence modeling approaches show a smaller effect of the shock interaction on the boundary
layer thickening than indicated by the experiment with the SST solution being closest to the data. Recall
that back in the UFAST results with flow separation, the SA and ASM results indicated smaller effects of
shock interaction on boundary layer thickening, with SST indicating too large of a response relative to the
experimental data. These results are very similar to those reported for SA and SST by Bhagwandin and
DeSpirito24 and also to other participants in the workshop as shown in Ref. 8. Normal velocity profiles
are compared in Fig. 16 and show considerable scatter among the turbulence models and magnify the
discrepancies with experimental data in the SWTBLI region.
Using the grid sequencing capability within Wind-US, a grid sensitivity study was made for SST tur-
bulence model solutions using the complete grid and the sequenced grid where every other point in each
computational direction, termed “medium” was used. Recalling that the full (fine) grid had 8.4 million
points, the medium grid had approximately 1 million total points. A comparison of axial and normal ve-
locities using the two grid levels is provided in Fig. 17. This does not suffice as a thorough grid sensitivity
study as a grid independent solution was not achieved. While the qualitative behavior is similar between
the fine and medium grids, especially in the axial velocity profiles, it appears that the near wall behavior is
less affected by removing every other grid point as is the behavior near the top of the boundary layer. This
is not surprising, as with the wall spacing set to a nominal y+ of 1, removing every other grid point still has
the first point well within the laminar sublayer. It does emphasize the need to consider grid resolution away
from the wall, however, for cases that are not straightforward equilibrium boundary layers.
An investigation of the effects of upwinding scheme, also using the Menter SST model, is provided in
Fig. 18. In all cases, second order versions of the Roe, Van Leer, and HLLC schemes were used and there
appears to be minimal effect of the upwinding scheme on prediction of the SWTBLI region. Interestingly,
Rumsey found more significant effects of upwinding scheme when using the SA turbulence model on the same
computational grids as we have employed here. Our finding, from consideration of the differences observed
among turbulence models and upwinding schemes, is that turbulence model effects dominate the accuracy
of SWTBLI calculations.
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Conclusions
Two sets of SWTBLI flows were investigated using the Wind-US CFD code, in efforts towards partic-
ipating in the 2010 AIAA Shock Boundary Layer Interaction Prediction Workshop. The results obtained
here were qualitatively similar to most of the results obtained by investigators of other similar RANS flow
solvers, indicating that the capabilities of most mature production flow CFD solvers are comparable, espe-
cially when using similar turbulence modeling and numerical schemes. Further, it appears that turbulence
modeling remains the pacing technology affecting the accuracy of SWTBLI simulations.
Calculations used the SA one-equation turbulence model and SST two-equation turbulence model, which
were not only used by other participants in this workshop for their simulations of the same SWTBLI cases,
but are two of the most widely used RANS models in the aerospace community for calculating boundary
layer dominated flow problems in RANS mode. While the qualitative agreement with experimental data
may be considered acceptable, the boundary layer details were not accurate. We also obtained calculations
using the Menter BSL two-equation model and an explicit algebraic stress model which did not provide
better results than the linear turbulence models. Comparison of the BSL and SST results illustrated effects
of the shear stress limiter. For SWTBLI flows without separation, the SST performs well as shown by
the UM results. Once separation occurs, however, the SST model tends to over-react relative to BSL,
as was shown by the UFAST results. At the workshop, some attempts at using LES based techniques
were presented, but production usage of LES for complex SWTBLI dominated flows is far from a mature
science. A few key limitations are difficulties in prescribing sufficient inflow turbulent boundary conditions,
simulating experiments at the actual Reynolds numbers investigated, and when employing hybrid RANS-
LES approaches, the manner in which the switch from a RANS region to an LES region is handled. As
computer resources, including processor speed, available memory, and storage capacity improve, LES-based
methods will become more practical.
In the near term, there still is a need for RANS model improvements, and RANS will still likely be the
technique of choice for some time in concept screening and evaluation. There has been little effort in the past
decade to improve pure RANS models. Most interest and support in the area of turbulent flow computations
has been in the area of LES and hybrids. Some investment in RANS-based methods still seems warranted.
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Figure 1. Schematic of SWTBLI experimental configuration (courtesy of DeBonis et al7).
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Cross-sectional geometry
IUSTI, Marseille (UFAST) University of Michigan (CCAS)
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120 mm
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(a) UFAST (b) UM
Figure 2. Cross sectional views of SWTBLI test configurations (courtesy of DeBonis et al7).
(a) entire domain
(b) detail near shock generator
Figure 3. Computational grid for UFAST test case.
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(a) entire domain
(b) streamwise detail near shock generator
(c) spanwise detail near shock generator
Figure 4. Computational grid for UM test case.
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Figure 5. Velocity contours for UFAST test case using SST.
Figure 6. Normalized eddy viscosity contours for UFAST test case using SST (contour levels trimmed at µt/µ
= 500).
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(a) Experiment
(b) Menter SST
(c) Menter BSL
(d) Spalart-Allmaras
(e) k − ωASM
Figure 7. Axial velocity contours for UFAST test case in vicinity of SWTBLI.
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Figure 8. Axial velocity profiles for UFAST test case in vicinity of SWTBLI.
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Figure 9. Normal velocity profiles for UFAST test case in vicinity of SWTBLI.
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(a) 7.75 degree shock generator
(b) 10 degree shock generator
(c) 12 degree degree shock generator
Figure 10. Axial velocity contours for UM test cases using the SST model.
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(a) 7.75 degree shock generator
(b) 10 degree shock generator
(c) 12 degree degree shock generator
Figure 11. Eddy viscosity contours for UM test cases using the SST model.
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(b) Menter SST
(c) Menter BSL
(d) Spalart-Allmaras
(e) k − ωASM
Figure 12. Axial velocity contours for UM test case in vicinity of SWTBLI.
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(c) Menter BSL
(d) Spalart-Allmaras
(e) k − ωASM
Figure 13. Normal velocity contours for UM test case in vicinity of SWTBLI.
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(a) Experiment
(b) Menter SST
(c) Menter BSL
(d) Spalart-Allmaras
(e) k − ωASM
Figure 14. dv/dx contours for UM test case in vicinity of SWTBLI.
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(d) x = 53.76 mm
Figure 15. Turbulence model effects on axial velocity profiles for UM test case in vicinity of SWTBLI.
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Figure 16. Turbulence model effects on normal velocity profiles for UM test case in vicinity of SWTBLI.
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(d) v-velocity at x = 53.76 mm
Figure 17. Effects of grid resolution on velocity profiles for UM test case in vicinity of SWTBLI.
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(a) u-velocity at x = 20.76 mm
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(b) u-velocity at x = 53.76 mm
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(d) v-velocity at x = 53.76 mm
Figure 18. Effects of upwinding scheme on velocity profiles for UM test case in vicinity of SWTBLI.
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